Transparent lanthanum-doped lead zirconate titanate (PLZT) ceramics were fabricated by air-pressure sintering. When the PLZT (9/65/35) specimens were sintered in air, the microstructure was not uniform throughout the body; the outer region near the surface was completely dense, while the inner region of the body was porous. The thickness of the outer dense layer increased parabolically with sintering time. When the specimen was sintered in air at 1200°C for 8 h, the thickness of the dense layer was ϳ0.25 mm. Therefore, when the specimen had a thickness of <0.5 mm, it was dense and transparent. This difference in microstructure was attributed to the formation of lattice vacancies as a result of PbO evaporation from the surface. The sintering atmosphere also was important in determining the thickness of the dense layer. The thickness was strongly dependent on the oxygen partial pressure of the atmosphere. The oxygen-gas trapped in pores was deemed to migrate easily through the lattice vacancies. By sintering in an oxygen-gas atmosphere at 1200°C for 8 h, a transparent PLZT with thickness up to 2 mm was fabricated.
I. Introduction
H IGH-DENSITY lanthanum-doped lead zirconate titanate (PLZT) ceramics have greater transparency than other ferroelectic materials. As a result, PLZT ceramics are widely used for many electrooptic applications. 1 In particular, the composition, x ϭ 0.09 and y ϭ 0.65, for the general formula Pb (1-x) La x (Zr y Ti z ) 1-x/4 O 3 (i.e., PLZT 9/65/35) exhibits good electrooptic coefficients with little hysteresis and no remnant polarization. Therefore, PLZT with this composition is used in the fabrication of digital light modulators and large-aperture light shutters. 1 To obtain transparent PLZT ceramics, the density of the body should be nearly 100% of its theoretical density, because even extremely low pore contents can scatter light, rendering the ceramic opaque. 2 Therefore, special techniques, such as hotpressing, 2 atmosphere-controlled liquid-phase sintering, [3] [4] [5] [6] [7] [8] and vacuum sintering, 5, 7 have been used to affect the complete removal of pores. However, these procedures are either not suitable for mass production or uneconomical because of the extended sintering time (usually Ͼ60 h) in an oxygen-gas atmosphere. Moreover, sintering for such a long period results in extremely large grains (Ͼ10 m), which are detrimental to the mechanical strength of the material.
The sintering atmosphere is important in determining the final microstructure of the PLZT ceramic because of the volatility of lead oxide (PbO). Volatilization of PbO at elevated temperatures changes the liquid-phase content and defect structure of leadcontaining materials. 9 -11 During the early stages of sintering, excess PbO promotes liquid-phase sintering of the material. To minimize the loss of PbO during sintering, an oxygen-gas atmosphere has been generally used. 5 Oxygen also is important in densification because of its great solubility and diffusivity in this system. 8, 12 During the final stage of sintering, if the isolated pores are filled with inert gases, such as argon or nitrogen, the pores remain intact, and the pore size can increase by coalescence. However, if the pores are filled with oxygen-gas, they disappear relatively easily by the migration of oxygen via lattice diffusion. 8 The volatilization of PbO starts from the specimen surface, so that a variation in microstructure is expected depending on location within the specimen.
The microstructural evolution of PLZT ceramics, sintered in air, was investigated in the present study, with a focus on the final stage of sintering. The effect of the sintering atmosphere also was examined and correlated with the densification behavior and final microstructure of the specimen.
II. Experimental Procedures
High-purity PbO, La 2 O 3 (99.9% purity, Aldrich Chemicals, Milwaukee, WI), ZrO 2 (99%, Kanto Chemicals Co., Inc., Tokyo, Japan), and TiO 2 (99%, Junsei Chemical Co., Inc., Milwaukee, WI) powders were used in this study to prepare the PLZT ceramics. The raw materials were weighed according to the formula Pb 1-x La x (Zr 1-y Ti y ) 1-x/4 O 3 with x ϭ 0.09 and y ϭ 0.65, i.e., PLZT generally denoted as 9/65/35. This formula assumes there are only B-site vacancies. However, it has been reported that vacancies might be formed at the B-site and at the A-site. 10 In this case, the system contains a slight excess of PbO.
The starting powder mixtures were ball-milled for 6 h using high-purity zirconia balls and ethanol as media. After the mixture was dried, it was calcined in a sealed alumina crucible at 900°C for 2 h in air. The calcined powders were crushed with a high-purity alumina mortar and pestle, and subsequently ball-milled again for 18 h.
The resultant powder was pressed into 10 mm diameter pellets, followed by isostatic pressing at a pressure of 100 MPa. The pressed pellets were sintered in a doubly sealed alumina crucible at 1200°C for 8 h with PbZrO 3 as an atmospheric powder to minimize PbO loss during sintering. To determine the role of the sintering atmosphere on densification, specimens were sintered in atmospheres with various oxygen-gas partial pressures (P O 2 ). The P O 2 was maintained by mixing argon with oxygen-gas using flow meters. A very low flow rate (3 cm/min (STP)) was used to minimize material loss during sintering.
The microstructure of the specimens was observed using optical microscopy after polishing with diamond paste down to 1 m. For scanning electron microscopy (SEM; Model JSM-5600, JEOL Technics, Tokyo, Japan) observation, the polished specimens were thermally etched in air at 1100°C for 1 h in the sealed alumina crucible. The composition of the sintered body was analyzed using electron probe X-ray microanalysis (EPMA; Model JXA-8900R, JEOL Technics). The optical transmission was measured from polished specimens using an UV-VIS spectrophotometer (Model 50, Cary Instruments, Monrovia, CA). 
III. Results and Discussion
When PLZT specimens with composition of 9/65/35 are sintered in air, their microstructures are not uniform throughout the body. An optical micrograph of a polished cross section of a specimen sintered in air at 1200°C for 8 h is shown in Fig. 1 . Figure 1 shows that the outer region of the specimen is dense, while the inner region is rather porous. The difference in density also is observed in SEM micrographs taken after thermal etching of the polished surface. Figures 2(A) and (B) show microstructures of the outer and inner regions of the same specimen, respectively. These micrographs show that the size and shape of the grains in each region are almost identical. However, the presence of relatively large pores only in the inner region of the specimen is well illustrated.
The microstructural evolution of the specimen with respect to sintering time is shown in Fig. 3 . Two things are observed in these micrographs. One is the dense layer that is formed from the surface and continues inward with increased sintering time. The other is the coalescence of pores inside the specimen. The coalescence is apparently due to the inhibition of gas migration to the specimen surface as a result of the formation of the dense layer.
The thickness of the dense layer with regard to sintering time is shown in Fig. 4 . Figure 4 shows that the thickness increases parabolically with sintering time, implying that the diffusion of some element through the dense layer controls the final densification procedure. There are several reports showing that PbO vaporization is important in determining the final microstructure of lead-containing materials. 5, 6, 8, 9 It previously has been observed that an excess of PbO in PZT ceramics expedites densification during the initial and intermediate stages of sintering. 9 However, excess PbO is detrimental to the final stage of sintering. A fully dense body is obtained when the PbO content is stoichiometric or slightly lower than the stoichiometric amount. In other words, for full densification of the material, excess PbO, which is necessary until the intermediate stage of sintering, should be removed from the specimen by a vaporization process. Furthermore, the vaporization of PbO is beneficial for densification because of the formation of lattice defects as follows:
The newly formed vacancies enhance the diffusion of atoms and eventually make the specimen fully dense. 6, 11 A similar phenomenon has been detected in the PLZT system by Hammer and Hoffmann. 13 In the present experiment, we focus on the phenomena of final-stage sintering. As a result of PbO vaporization from the specimen surface, a fully dense layer is formed near the surface. The layer becomes thicker with increased sintering time. The parabolic dependency of the layer thickness on the sintering time is a result of the increased diffusion path for the PbO to the specimen surface.
A concentration profile of PbO supports this premise. Figure 5 shows the PbO concentration profile of the specimen sintered in air. Near the surface of the specimen, the PbO concentration is lower than the stoichiometric amount for PLZT, while the PbO concentration inside is higher than the stoichiometric amount. The thickness of the PbO deficient zone is about the same as that of the dense layer.
The sintering atmosphere also is important in determining the microstructure of the specimen. Representative specimens of polished cross sections of specimens sintered in various atmospheres at 1200°C for 8 h are shown in Fig. 6 . When the specimen is sintered in air, the thickness of its dense outer layer is 0.25 mm, as shown previously in Fig. 3(B) . When a specimen with the same composition is sintered in argon, the thickness of the dense layer decreases (Fig. 6 (A) ). Furthermore, it is apparent that the outer region is not completely pore-free as is the case of the specimen sintered in air. On the other hand, when the specimen is sintered in a 33% oxygen-gas atmosphere, the dense layer becomes thicker than the case of sintering in air, (Fig. 6(B) ). As the P O 2 of the sintering atmosphere increases further, the dense layer continues to grow until the whole specimen becomes dense in a pure-oxygen atmosphere, as shown in Fig. 6(C) .
The effect of the P O 2 on the thickness of the dense outer layer is summarized in Fig. 7 . The thickness is proportional to the P O 2 level in the atmosphere. This dependency of the dense layer on the P O 2 level is closely related to the type of gas trapped in the closed pores. When the pores are filled with oxygen-gas, the pores are easily removed by diffusion through the vacancies formed by PbO evaporation. However, if other inert gases, such as nitrogen or argon, are present in the pores, it is relatively difficult to eliminate these pores; thus, further densification is inhibited. Evaporation of PbO occurs regardless of the sintering atmosphere, but the species of gas trapped in the pores is determined by the sintering atmosphere. Therefore, when sintered in an oxygen-gas atmosphere, the dense outer layer of the specimen becomes much thicker.
The effect of PbO evaporation and resultant density variations are also observed in the microstructure of the specimen. Figures   Fig. 4 . Thickness of the dense layer as a function of sintering time in air. show that intergranular fracture occurs at the outer region, while transgranular fracture occurs at the inner region of the specimen. The average grain sizes are almost identical, as previously shown in Fig. 2 . No detectable difference is observed using X-ray analyses. Therefore, the variation in fracture mode reflects the difference in the grain-boundary structure that might be due to PbO evaporation at the surface region. When the specimen is thinner than twice the outer-layer thickness, the whole specimen becomes fully dense and transparent. The transmittance of a specimen with a thickness of ϳ0.5 mm sintered in air at 1200°C for 8 h is shown in Fig. 9 . As illustrated in Fig. 9 , the transmittance of this specimen is almost equivalent to that of a hot-pressed PLZT specimen. The transparency of the specimen is illustrated in Fig. 10 . When a relatively thick specimen (ϳ1 mm) is sintered in air, the whole specimen is not transparent, as shown in Fig. 10(A) , because of the porous inner region. However, if the thickness of specimen is Ͻ0.5 mm, the inner region is eliminated, leaving only the outer region. Therefore, the specimen becomes transparent (Fig.  10(B) ). As mentioned above, the thickness of the outer layer might be increased significantly by controlling the sintering time and atmosphere. Using these observations, high-quality PLZT with excellent transparency might be produced economically.
IV. Summary and Conclusions
PLZT with a composition of 9/65/35 was sintered in air and in oxygen-gas atmosphere. The microstructure of the sintered body was not uniform; it was completely dense near the surface, but it was porous at the center. The thickness of the dense layer increased with sintering time and oxygen-gas pressure in the sintering atmosphere. Vaporization of PbO from the specimen surface and resultant formation of lattice vacancies were attributed to this microstructural evolution. Diffusion of the gas trapped in the pores also was important in determining the thickness of the dense layer. When the PLZT specimen was sintered in air at 1200°C for 8 h, the thickness of the dense layer was ϳ0.25 mm. Therefore, if the specimen thickness was Ͻ0.5 mm, the whole specimen was dense and transparent. When the specimen was sintered in an oxygen-gas atmosphere under the same conditions, the specimen thickness increased markedly.
